INTRODUCTION
The mapping of one pulsed waveform into another, more desirable waveform by the application of a time-domain filter has been employed in a number of NDE situations [1] [2] [3] .
The primary goal of these applications has been to improve the range resolution of an ultrasonic signal for detection of echoes arising from particular interfaces masked by the response of the transducer. The work presented here addresses the use of this technique for resolution enhancement in imaging situations and in mapping signals from different transducers to a common target waveform, allowing maintenance of quantitative calibration of ulta'asonic systems. We also describe the use of this technique in terms of the frequency analysis of the resulting waveforms.
WAVEFORM MAPPING
The derivation of the waveform mapping algorithm has been fully described elsewhere [ 1] . A brief description is given here.
Considering a digitized RF pulse at and a desired RF pulse dt, an operator ft is sought that maps at into tit, i.e. such that
where * denotes convolution.
Because ft cannot practically be defined to infinite length, the filter must be truncated to a finite length, which introduces errors. The truncated filter f' t maps at into qt, which is not identical to the desired signal:
The problem is approached by seeking the coefficients f' t that yield least mean squared error between qt and dr.
The mean squared error E is defined according to
and it is minimized with respect to the filter coefficients ft (dropping the prime for convenience)
to obtain
where
is the autocorrelation of a_ and
is the cross correlation of at with the desired target dr. The unknown filter coefficients ft may be easily obtained using straightforward matrix techniques. Now, this filter may be applied to achieve mapping with any other linear signal which is generated by convolution of at with another system response. For example, if
The signal has been converted into a convolution of the system response ht`with the waveform-mapped pulse qt.
APPLICATION -STANDARDIZATION
The system impulse response of an ultrasonic NDE system can vary because of changes in settings or setup, aging or failure of transducers and electrical components, or swap-out of transducers or components. Thus, the pulse waveform generated by system may be different from day to day, setup to setup. Without careful calibration procedures, such variations may somewhat compromise the quantitative character of the data acquired with the system. Waveform mapping may be employed to standardize the data and allow continued quantitative assessment.
The measurement st can be described as the convolution of the measurement system impulse response At (transducer and electronics) with the impulse response ht of the specimen under test
Following some modification of the system, the system impulse response is now different, denoted as Bt. A filter I3 At may be defined in which the new system response 13t is the input and the original system response At is the target
and this filter may be applied to data acquired by the new system to map its response into that of the original system configuration making the result comparable to data acquired with At.
To illustrate this, Fig Another example is presented in Fig. 2 . In Fig. 2A , four waveforms are plotted which represent data taken with the same transducer under different electronic damping conditions, such as may occur due to readjustment, modification, or replacement of the pulser/receiver circuitry. A target pulse was derived from one of the pulses, and each of the four waveforms were mapped to it. The resultant waveforms are presented in Fig. 2B . Again, the mapped waveforms agree very well.
APPLICATION -RESOLUTION IMPROVEMENT
As an illustration of the use of waveform mapping in an imaging system, a resolution target was constructed, patterned after resolution phantoms employed for medical ultrasonic imagers. A sketch of the phantom is shown in Fig. 3 , along with the geometry of the ultrasonic data acquisition. The phantom consisted of monofilament fishing line (approximately 0.5 mm diameter) stretched between two plexiglas plates. The lines were spaced as shown in Fig. 3 , with equal spacing in the lateral dimension and incrementally increasing spacing in the vertical dimension. The left hand panel indicates the geometry under which the B-scan was taken.
The echo waveform from the upper left target interrogated by a 5 MHz pulse is presented in Fig. 4A . Because the diameter of the target is between one and two wavelengths in water, the scattered echo is rather detailed, exhibiting several distinct pulses. An imaging system may be intended to indicate the target as a single pulse. To approach this result, a desired target pulse was derived from the initial wave packet in the signal, and a filter was computed to map the complex echo train into the single-pulse target waveform.
A filter length of 256 coefficients was employed to achieve the goal, and the resulting waveform is plotted in Fig. 4B . The result is an excellent replica of the target, and the complexity of the scattering from the cylindrical target is removed to eneble clear imaging of the wire.
B-scan images of the wire targets are shown in Fig. 5 . Each target has lateral dimension determined by beam width, and range signature determined by the complicated scattering waveform (Fig. 4A) . B) B-scan made from same data after waveform mapping, using a filter derived to sharpen the upper left target (Fig 4B) .
SPECTRAL CONSIDERATIONS
The process of waveform mapping is a linear filtering process, so that one way to view the process is in terms of the passband characteristics of the filter. Considerations of this type can be very useful in determining parameters of the filter. Fig. 6 presents an echo waveform from the wire resolution phantom along with a target waveform and a number of filters, each with a different number of coefficients, designed to map between the two. In this case, where the input waveform is of relatively high complexity and duration, it is expected that the shorter filters cannot perform the mapping very well, as they do not span the duration of the details in the input waveform.
By inspection, it is anticipated that a filter of 128 points would be the minimum expected to closely map the input into the target.
The filters are presented in the frequency domain in Fig. 7 . The spectral ratio between the input waveform and the target waveform, which represents the target filter passband, is shown as the bottom-most curve. The passband for each filter was obtained by zero-padding to 256 points and applying a Fourier lxansform. The filter magnitudes are plotted with vertical offsets to allow comparison of their shapes without excessive overlapping.
It can be seen that while the 16-point filter completely misses the target shape, the 32-point filter has captured the gross shape of the target filter passband.
Comparison of the filter functions in Fig. 6 shows that the 32-point filter shape remains nearly unchanged in the beginning of each of the longer filters. The 128-point filter begins to show the more rapid fluctuations in the spectrum, and the 256-point result is nearly perfect. 
